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An optial shutter based on harged partiles is presented. The output light intensity of the
proposed devie has an intrinsi dependene on the interpartile spaing between harged partiles,
whih an be ontrolled by varying voltages applied to the ontrol eletrodes. The interpartile
spaing between harged partiles an be varied ontinuously and this opens up the possibility of
partile based displays with ontinuous graysale.
I. INTRODUCTION
The exibility and bistability are the two key points in
the next generation display tehnologies. The exibility
implies the display would be thin, lightweight, and ul-
timately, paper like, meaning it would be heap enough
to be disposable. The bistability implies the tehnology
would be eologially friendly. In the bistable display,
the image does not need to be refreshed until rewrit-
ten and, therefore, a low level of power onsumption is
expeted for still images. Unfortunately, for motion pi-
tures, the bistability has no advantages in power savings
over nonbistable tehnologies suh as liquid rystal dis-
plays (LCDs), plasma display panels (PDPs), and dis-
plays based on organi light emitting diodes ommonly
referred to as OLEDs.
The display tehnologies based on partiles are the
most prominent andidates for a exible and bistable dis-
plays. The earliest display based on partiles dates bak
to 1970's when Ota(1) led for a patent. Sine then var-
ious partile-displays based on eletrophoresis and ele-
trowetting priniples have emerged to form what is now
referred to as E-paper tehnologies in the industry.(2; 3;
4; 5; 6) In eletrophoresis, partiles are usually suspended
in a uid. Beause the speed at whih partiles move in-
versely vary with uid density, partile-displays based on
eletrophoresis have slow response time, typially on the
order of 300ms.(7; 8; 9) This makes motion pitures un-
suitable for eletrophoreti partile-displays. The issue
of slow response time in eletrophoreti partile-displays,
however, has been resolved with the unveil of Quik Re-
sponse Liquid Powder Display (QR-LPD) by Hattori et
al.(10; 11; 12; 13) The QR-LPD is distinguished from
the rest of partile based displays in that it uses air as
the partile arrying medium rather than uid. Beause
the partiles in QR-LPD move in air, its response time
is at 0.2ms, whih is even faster than LCDs. The sub-
milliseond response time makes QR-LPD the only andi-
date based on partile-display apable of handling motion
pitures, and researhes are being onduted for partile-
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displays with air as the partile arrying medium.(14)
Common to all partile-displays, regardless of whether
air or uid is used as the partile arrying medium, is
the lak of ontinuous graysale. Here, the terminology,
ontinuous graysale, is referred to as the number of
graysale levels required to produe desired number of
olors. In priniple, a display devie with ontinuous
graysale an generate an innite range of olors. That
being laried, a high graysale range is essential to qual-
ity displays. Without it, the images displayed on mon-
itors would be dull.(15) Reently, it has been reported
partile-display based on QR-LPD an generate up to 16
graysale levels (i.e., 4 bits), whih orresponds to the a-
pability of generating 4096 olors.(16; 17) To the propo-
nents of other ompeting at panel display tehnologies,
suh as exible LCDs, PDPs, or OLEDs, 4 bits of gray
sale range ould hardly be onsidered a tehnologial
milestone. However, onsidering only 4 graysale levels
were possible just a few years ago for partile-displays, 16
graysale levels is a signiant tehnologial advanement
for the E-paper tehnology.(18)
The most well known E-paper tehnology, E-Ink, ob-
tains dierent gray states through modulation of voltages
supplied to the ontrol eletrodes. The same mehanism
is employed by partile-displays based on QR-LPD for
ahieving dierent gray states.(9; 18) Beause the voltage
is modulated at a value lower than the saturation voltage,
whih is the voltage required to display either all blak
or all white for a simple blak-and-white display, the dis-
played image would have intensity somewhere between
that of ompletely blak and ompletely white. This ap-
proah to ahieve dierent gray states, however, is done
at the ost of losing bistability. Sine the pixel is being
onstantly modulated to sustain a gray state, the situa-
tion is equivalent to motion pitures and the power sav-
ings from bistability no longer applies to gray states. In
spite of the lost bistability advantages over the other om-
peting exible display tehnologies, the speed at whih
partile an be modulated is limited by its nite inertia
(mass) and this plaes a pratial limit on the extent to
whih the graysale levels of partile-display an be en-
haned by the aforementioned method. Most reently,
Chim(19) demonstrated a 64 graysale levels (or 6bits)
for partile-display based on QR-LPD for his masters the-
2sis projet at Delft University of Tehnology. However,
to generate 64 graysale levels, the DATA Driver, whih
is a serial to parallel shift register that shifts data words
of 6 bits per lok yle, is required.
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Figure 1 (Color online) Transetive display based on
harged partiles.
In this work, a display arhiteture based on harged
partiles is presented. Unlike the previous partile-
display tehnologies, the proposed devie has potential
to generate ontinuous graysale levels without sari-
ing the benet of bistability. Also, the proposed partile-
display tehnology, in priniple, does not require ompli-
ated voltage modulation shemes to generate dierent
gray states.(20)
II. CHARGED PARTICLE-DISPLAY
A. Devie struture
The ross-setional shemati of an optial shutter
based on harged partiles of same polarity is illustrated
in Fig. 1. In the gure, the two eletrodes, where eah
is labeled top and bottom eletrodes, onstitute the on-
trol eletrodes. Beause the light must be transmitted
through the ontrol eletrodes, the eletrodes are ho-
sen from optially transparent ondutors. The hamber,
wherein the partiles reside, an be a vauum, lled with
noble gas, or lled with air. The metalli reetors, whih
forms the lateral surfae of the hamber, are eletrially
onneted to one of the ontrol eletrodes. This make
metalli reetors not only to reet light, but also fun-
tion as to keep partiles from aggregating to the lateral
surfae of hamber. The optially transparent passiva-
tion layer, whih is treated on the inner surfae of the
hamber, funtions to prevent harge transfer between
partiles and ondutors. For positively harged parti-
les inside the hamber, the hydrophobi treatment on
the surfae of the passivation layer, whih is not expli-
itly shown in the gure, for example, prevents partiles
from stiking to the surfae.
c
h
<h
Uncompressed State
A
Transmitted light
Input light
Particle ch= h
Compressed State
Figure 2 (Color online) Transmission of light through a
medium lled with total of N suspended spherial parti-
les. Both of the ompressed and the unompressed ases
are shown.
B. Operation priniple
The intensity of light transmitted through a medium
lled with suspended spherial partiles, illustrated in
Fig. 2, is given by
I = I0 exp
[
− 36npikfh
λ (n2 + 2)2
]
, (1)
where n and k are, respetively, the real and the imagi-
nary part of the omplex refrative index for the medium
and the partiles suspended in it; I0 is the initial inten-
sity, λ is the wavelength of inidene light, h is the height
(or thikness) of the volume ontaining harged partiles,
and f is the volume fration of partiles.(21) In expliit
form, the volume fration of partiles is
f =
Nv
p
Ah

,
where N is the total number of partiles in the optial
hamber, v
p
is the volume of a single partile, h

is the
height of ompressed ylinder ontaining harged parti-
les, and A is the ross-setional area of the ylindrial
hamber illustrated in Fig. 2. Throughout this work, I
shall refer to terms suh as ompressed state or om-
pressed partile volume to denote the ompression of the
volume ontaining partiles. Insertion of f into Eq. (1)
gives
I = I0 exp
(
− C
h

)
, C =
36npikhNv
p
λ (n2 + 2)
2
A
, (2)
where C is just a onstant.
The omplex dieletri onstant, ε˜, and the omplex
refrative index, n˜, are expressed in form as
ε˜ = ε1 + iε2, n˜ = n+ ik, (3)
3where ε1 and n are the real parts, and ε2 and k are the
imaginary parts. For the omplex refrative index, n
represents the real refrative index and k is the extintion
oeient (or the absorption oeient). The two, ε˜ and
n˜, are related by the expression
ε˜− n˜2 = 0.
With the real and imaginary parts inserted for ε˜ and n˜
from Eq. (3), I have
ε1 + iε2 − (n+ ik)2 = 0.
The resulting expression an be rearranged to yield(
ε1 − n2 + k2
)
+ i (ε2 − 2nk) = 0. (4)
Equation (4) an only be true if and only if the real and
the imaginary parts are equal to zero independently. This
requirement yields the two expressions onneting (ε1, ε2)
to the optial onstants (n, k) ; and, the two expressions
are
ε1 = n
2 − k2, ε2 = 2nk. (5)
Stoller et al.(22) measured the omplex dieletri on-
stant, ε˜ (ε1, ε2) , for the single gold nanopartile. For the
gold nanopartiles of diameters 10 and 15 nm, assuming
a spherial morphology, they observed a reasonably good
orrespondene existing between omplex dieletri on-
stants of the bulk gold and the gold nanopartiles for
the wavelength range of roughly 510 to 580 nm. Their
nding is of signiant importane, as it allows the bulk
gold dieletri onstants, whih is readily available, to
be used for the gold nanopartiles, whih is not so read-
ily available. Sine the real and the imaginary parts of
the omplex dieletri onstant are related to the op-
tial onstants (n, k) thru Eq. (5), the n and k for the
gold nanopartiles are readily available one ε1 and ε2 are
known from the bulk ounterpart. The vie versa is also
true, of ourse. Fortunately, Johnson and Christy mea-
sured the optial onstants for the bulk opper, silver,
and the bulk gold.(23) Justied by the ndings of Stoller
et al.,(22) for λ = 550 nm, assuming the gold nanopar-
tile of radius r
p
= 7.5 nm, the n and k measurements
from the work of Johnson and Christy,(23)
bulk gold: n˜ = n+ ik,


n = 0.43,
k = 2.455,
λ = 550 nm,
(6)
an be utilized for the gold nanopartiles to plot Eq. (2)
for the transmitted intensity.
For a spherial gold nanopartile, the partile volume,
v
p
, is given by
v
p
=
4
3
pir3
p
,
where r
p
is the partile radius. Assuming the diameter
of 15 nm for the gold nanopartile, v
p
beomes
r
p
= 7.5 nm, v
p
= 1.77× 10−24m3. (7)
To plot Eq. (2), I shall assume the following values for
the hamber parameters, (the height h and the ross-
setional area A), and the partile number, N,

h = 100µm = 1× 10−4m,
A = pih2 = 3.14× 10−8m2,
N = 2.46× 108.
(8)
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Figure 3 Shemati of urves illustrating the intensity, I, of
transmitted light as a funtion of ompression height, h

.
Before going ahead with plotting Eq. (2), it is worth-
while to double hek if the total number of partiles, N,
speied in Eq. (8) is reasonable. With hamber param-
eters as dened in Eq. (8), the volume of the ylindrial
hamber is
V = Ah = pih3.
Suppose the harged spherial partiles an be om-
pressed and enlosed in a onned volume in suh a
way that neighboring partiles atually touh eah other.
How many partiles, under suh restritions, an be t-
ted inside the hamber dened by Eq. (8)? The answer
is N
max
and its expression is
N
max
=
V
v
p
=
3
4
(
h
r
p
)3
. (9)
For the spherial partile of radius r
p
= 7.5 nm, the N
max
is roughly
N
max
≈ 1.7× 1012. (10)
For the harged partiles, the ondition of neighboring
partiles atually touhing eah other is not possible due
to Coulomb repulsion, unless the external ompression
fore is innite. Nonetheless, the expression for N
max
,
dened in Eq. (9), provides the upper limit for N inside
the hamber.
The physial optial shutter based on harged parti-
les must be ompressible in order to allow variations in
transmission intensity, whih imposes the ondition,
N < N
max
.
4Equivalently, the variability of transmission intensity
thru ompression requires N 6= 0 and this further modi-
es the ondition for N as
0 < N < N
max
. (11)
The inequality ondition for N, dened in Eq. (11), an
be understood from the illustration shown in Fig. 3,
where some of the possible urves for the transmission
intensity, I, as a funtion of the ompression height, h

,
are shown. The ases where N = 0 and N = N
max
are
represented by the urves orresponding to △I/△h

= 0
at I = I0 and I = 0, respetively. Similarly, the the
urve orresponding to △I/△h

= 0 at I = 0 in the g-
ure represents the ase where N = N
max
. For N = N
max
,
the partiles in the hamber are already maximally om-
pressed and, therefore, no light gets transmitted. On the
other hand, for N = 0, all light gets transmitted through
the optial shutter, as the inside of the optial shutter is
a void.
Incidence light
λX> λX<
X
X
Transmitted light
Figure 4 Array of metalli nanopartiles in grid formation.
The parameter X is the grid (or partile-partile) spaing and
λ is the wavelength of the inidene light. For the harged
partiles inside the hamber, the parameter X an only be
thought of as the time averaged mean partile-partile dis-
tane between the nearest neighboring partiles. Nonetheless,
the grid representation illustrated here serves the purpose of
initiating the rude onnetion between the wavelength of in-
idene light, λ, and the total partile number, N.
For the ase of any nite N satisfying the ondition
dened in Eq. (11), the urve for the transmission inten-
sity must neessarily lie in the region between the two
extreme ases, N = 0 and N = N
max
, as shematially
demonstrated in Fig. 3. Three suh urves, orrespond-
ing to nite N, are illustrated in the gure: (1) the up-
per urve represented by△I/△h

= f (h

) , (2) the urve
represented by△I/△h

= α, and (3) the lower urve rep-
resented by△I/△h

= f (h

) , where α is a onstant and
f (h

) is a funtion of h

. The two urves orresponding
to △I/△h

= f (h

) only appreiably varies in trans-
mission intensity with ompression within the window of
β − δ, where β − δ ≪ h. Suh urves are assoiated with
N, in whih the N is nite but lose to either N = 0
or N = N
max
. Beause the transmission intensity only
appreiably varies within β − δ ≪ h for suh hoies of
N, the gray states are diult to ahieve as it requires
very preise ontrol of the ompression height. For ex-
ample, assuming the partiles an be ompressed at the
inrement in △h

, the fat that β−δ ≈ △h

makes it dif-
ult to ahieve gray states. To ahieve gray states, the
△h

, whih denes the sensitivity of ompression, must
be muh smaller than β− δ. Consequently, the transmis-
sion intensity urves for the aforementioned hoies of N
are only good for displaying either ompletely bright or
ompletely dark transmission states.
Imaginary particle
p
rp+0.5X
X Real particle
r
Figure 5 The nanopartiles of radius r
p
are separated by X,
whih is the nearest surfae to surfae separation between
two neighboring partiles. The imaginary partiles of radius
r
I
= r
p
+0.5X are, however, in losed paked formation for a
given nearest surfae to surfae separation of X.
The optimal design for the presented optial shutter
is ahieved by hoosing N for the total partile num-
ber in the hamber in suh way that the urve for the
transmission intensity goes like △I/△h

= α, where α
is a onstant, in Fig. 3. Beause the urve is linear for
the transmission intensity, the window of range in whih
ompression an be done is maximized, h − δ . h. For
this partiular hoie of N, the △h

, whih is the inre-
ment at whih partiles an be ompressed, is muh less
than h−δ, i.e., h−δ ≫△h

, and the number of dierent
gray states that an be ahieved is given by
N
gray
=
h− δ
△h

. (12)
In priniple, the △h

an be made ner and ner as
desired. In reality, the neness of △h

is limited by the
system design. Nevertheless, with the right hoie of N,
the graysale levels in number of N
gray
, as dened in
Eq. (12), is possible with the presented optial shutter
based on harged partiles. The question remains to be
answered is this: how do we go about obtaining the right
N? To answer this, I shall refer to the illustration shown
in Fig. 4.
Due to the wave nature of light, the total partile
number and the transmission intensity depend on the
wavelength, λ, of the inidene light. As a rudimentary
assumption, the transmission loss of an eletromagneti
wave passing through an array of metalli partiles de-
reases for X ≫ λ and inreases for X . λ/j, where
5j = 2, 3, · · · , whih is shematially illustrated in Fig.
4. The ase where X ≫ λ represents the situation in
whih N is very small, whereas the ase where X . λ/j,
represents the situation in whih 0 ≪ N ≪ N
max
, pro-
vided the j is not too large. It is, therefore, not too
bad to impose the ondition, X ≈ λ/2, for X in esti-
mating for the total number of partiles in the hamber.
For λ = 550 nm, this ondition for X yields the value of
X = 275 nm. To gure out exatly how man partiles an
be tted inside the hamber under restrition X ≈ λ/2,
the Fig. 5 is referred to. Sine X is the losest distane
between surfaes of two nearest neighbor partiles, I shall
visualize an imaginary partile of radius r
I
,
r
I
= r
p
+ 0.5X. (13)
Assuming the imaginary partiles are lose-paked inside
the hamber, the problem beomes idential to the previ-
ous ase, whih resulted in Eq. (9). With r
I
of Eq. (13)
inserted for r
p
in Eq. (9), the expression beomes
N
min
=
3
4
(
h
r
p
+ 0.5X
)3
, X =
λ
2
, (14)
where N
max
has been replaed by N
min
. With N
min
de-
ned in Eq. (14), the number of partiles inside the
hamber may be hosen aording to the inequality,
0≪ N
min
. N ≪ N
max
. (15)
It an be easily veried that N
min
≫ 0. For X = 275 nm,
whih orresponds to the half wavelength of λ = 550 nm,
N
min
is roughly N
min
≈ 2.46 × 108. This value for N
min
is muh larger than zero, but it is muh smaller than
N
max
, whih has the value N
max
≈ 1.7 × 1012 from Eq.
(10). For the optial shutter involving harged partiles
of spherial morphology and the ylindrial hamber of
speiations dened in Eq. (8), the inequality ondition
for N, Eq. (15), beomes
3
4
(
h
r
p
+ λ
2n
)3
. N ≪ 3
4
(
h
r
p
)3
, n = 2, 3, · · · .(16)
Equation (2) has been omputed using gold nanopar-
tiles as the harged partiles (the gold nanopartile was
hosen only beause its optial onstant data, n and k,
were readily available). For the harged partiles and the
inidene light, the parameters dened in Eq. (6) were
used. The parameters dened in Eq. (8) were used for
the hamber speiation. Using Eq. (2), the transmis-
sion intensity for dierent values of N were onsidered
and the results are shown in Fig. 6. The N = 30 × 106
urve is the ase where partile number is relatively low
in the hamber. As it an be observed, for low partile
numbers in the hamber, the intensity does not vary well
with ompression exept for small h

, whih is onsistent
with the urve represented by △I/△h

= f (h

) in Fig.
3. Contrarily, the N = 900 × 106 urve orresponds to
the ase where too many partiles are inside the ham-
ber. Although the transmission intensity varies linearly
with ompression, whih is a good harateristi of an
optial shutter, the output intensity is far too low even
for the brightest state. For N = 900×106, the brightest
state only transmits 10% of the initial input intensity,
i.e., I/I0 = 0.1. As expeted, the N = 246×106 urve in
Fig. 6, whih orresponds to the ase where X = λ/2
for λ = 500 nm, most resembles the urve represented by
△I/△h

= α in Fig. 3. However, the brightest output
intensity is only ∼ 50% of the input intensity of the ini-
dene light. Compared to LCDs, where only ∼ 5% of the
intensity of the inidene light from bak light unit gets
transmitted, the output intensity of ∼ 50% is already 10
times more eient than LCDs.
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Figure 6 (Color online) Transmission intensity as a funtion
of partile number, N, and the ompression height, h

. The
abbreviation mil in the gure denotes a million, i.e., 1×106.
The same priniple, whih is inherent in Eq. (2), ap-
plies to the proposed optial shutter, Fig. 1. In the
presented devie, the hamber is lled with harged par-
tiles of same polarity and this an be identied with the
medium lled with suspended partile in Fig. 2. The on
set of eletri eld inside the hamber, whih is done by
ontrolling the voltage over one of the eletrodes, auses
partiles to be ompressed in volume, as illustrated in
Fig. 7. Sine the partiles are assumed to be positively
harged, they are ompressed in the diretion of eletri
eld. Eventually, the ompression omes to a stop when
partile-partile Coulomb repulsion ounterbalanes the
ompression indued by the ontrol eletrodes.
In priniple, the level of ompression for the partile
volume an be varied ontinuously. Beause the intensity
of transmitted light varies with ompression, i.e., Eq. (2),
the display based on harged partiles has the potential
to generate ontinuous gray levels. Also, sine the ontrol
eletrodes form a apaitor, provided there is no leakage
(or negligible) urrent aross the apaitor, the eletri
eld inside the hamber an be sustained even when the
devie is disonneted from power. This opens up the
6possibility of a bistable mode for gray states as well.
The presented devie works as an optial shutter, pro-
vided the harged partiles an be eetively prevented
from piling up at the surfae of dieletri walls. When a
harged partile is brought lose to the dieletri surfae,
the bound harges within the dieletri get redistributed
in order to redue the eld originating from the harged
partile plaed near viinity of dieletri surfae. Suh
is illustrated in Fig. 8. For the ase where a positively
harged partile is plaed near the surfae of a diele-
tri, the surfae bound harges of opposite polarity get
indued and distributed near the inner surfae of diele-
tri. As a result, the positively harged external partile
gets pulled to the dieletri surfae and, eventually, stik-
ing to the surfae of dieletri, whih proess is illustrated
in Fig. 9. If there are more than one positively harged
partiles plaed at the viinity of dieletri surfae, the
aforementioned proess ontinues and, eventually, layers
get formed, for example, the layers A and B in the g-
ure. This proess does not ontinue indenitely, however,
as the bound harges of opposite polarity within the di-
eletri get eventually shielded by the positively harged
partiles forming layers over the dieletri surfae. Be-
ause the partiles in eah layer are harged with same
polarity, the Coulomb repulsion keeps the two partiles
from touhing eah other. Assuming the layer B is suf-
ient to shield ompletely the negatively harged sur-
fae bound harges within the dieletri, the remaining
positively harged partiles in the region between two di-
eletri walls would have no other plaes to go, exept
to ontinuously boune bak and forth within the region,
whih region has been indiated by M in Fig. 9.
Recycled light
Transmitted light
E
E = 0 E
Input light
Figure 7 (Color online) The on set of eletri eld ompresses
the lled volume for harged partiles.
The aforementioned desription for an optial shutter,
however, has a serious problem whih is assoiated with
the partile layers forming on the surfae of dieletri
walls. Assuming the path of light propagation is along
the horizontal axis, the light enters the devie from the
left and exits at the right or vie versa. In priniple, the
ompression of harged partiles in region, M, ontrols
the intensity of transmitted light. The problem arises
beause the harged partiles forming layers A and B on
the surfae of dieletri walls may no longer be optially
transparent. As previously disussed, using the illustra-
tion in Fig. 4 as an example, metalli partiles in an
array of grid formation severely redues the intensity of
transmitted light for grid spaing, X, muh less than the
wavelength, λ, of the inidene light. I now disuss the
ways to resolve this ompliation.
Positively charged particle
Negative surface bound charge Dielectric
Figure 8 (Color online) Charged partiles near dieletri wall.
A B B A
M
Figure 9 (Color online) Charged partiles in region M are
shielded from the negatively harged surfae bound harges
within the dieletri wall.
M
A B B A
Transparent charged layer
+Q+Q
Figure 10 (Color online) Transparent harged layer formed by
ISAM or eletron beam irradiation method eetively plays
the role of positively harged partile layers at A and B.
7It is well known that the surfae of a typial SiO2
glass beomes hydrophili in an open air as a result of
the silane group at the surfae of glass ombining with
oxygen.(24; 25) This has the eet of making the surfae
of glass to be slightly negatively harged and any posi-
tively harged partiles in viinity would be attrated to
the glass surfae forming layers suh as those, e.g., A and
B, illustrated in Fig. 9. Unless the attrated, positively
harged, partiles are optially transparent, the devie
would not be able to funtion as an optial shutter for no
light would to pass through the devie. Neessarily, the
role of layers A and B in Fig. 9 must be played out by
partiles of same polarity as those residing in region M,
but distinguished from those residing in regionM in that
they are optially transparent. One way to ahieve this
is to hemially treat the surfae of glass so as to make it
hydrophobi. The hydrophobi treatment of glass ele-
trially neutralizes the glass surfae, thereby signiantly
reduing the oppositely harged partiles from stiking to
the glass surfae. For large and weakly harged positive
partiles, simple eletrial neutralization of glass surfae
by hydrophobi treatment is suient to keep partiles
from permanently stiking to the surfae. In suh sys-
tem, harged partiles are ontinuously bouned o of
the wall and do not stik to the surfae. However, for
smaller and well harged positive partiles, simple hy-
drophobi treatment of glass surfae is not suient to
prevent oppositely harged partiles from stiking to the
glass surfae. For suh ases, it is neessary to make the
surfae of glass net positively harged. This an be eas-
ily done by utilizing the tehnique known as ionially
self assembled monolayer (ISAM), in whih tehnique
harged partiles, polymers, or monomers of preferred
polarity are physially attahed to the surfae.(26) Alter-
natively, and more diretly, the glass may be irradiated
with eletron beam to physially embed harged partiles
inside the glass medium.(27; 28) In this latter method,
for example, net negative harges may be made to a-
umulate inside the glass. This has the eet of indu-
ing positive harges on the surfae of glass, whih repels
positive harged partiles in viinity of the glass surfae,
thereby preventing partiles from stiking to the surfae.
In summary, the role of positively harged partile layers,
A and B in Fig. 9, may be eetively get taken ared
by the aforementioned ISAM or the eletron beam irra-
diation methods; and, using these alternative tehniques,
the glass surfae repels harged partiles inside the ham-
ber and it is optially transparent, as illustrated in Fig.
10.
To utilize harged partiles in displays, a quantita-
tive understanding of how design parameters, suh as
(L
e
, L
z
, ξ) for the sub-pixel dimensions and (r, ρ
m
, Q) for
the harged partile, enter into the ompression meha-
nism is required. Here, r is the partile radius (assuming
a spherial partile), ρ
m
is the partile mass density, and
Q is the net harge whih the partile holds. Desribing
the ompression mehanism in terms of the aforemen-
tioned design parameters is the task for the next setion.
C. Theory
The optial shutter presented in this proposal relies on
the density of partiles in hamber to ontrol the inten-
sity of transmitted light. An analogy an be made to
the driving under misty weather. When the density of
water vapor suspended in the atmosphere is heavy, one
is obsured in his or her viewing distane, as less light
reahes the eye. Contrarily, the amount of light reahing
the eye inreases with a redution in density of water va-
por suspended in the atmosphere, thereby enabling the
driver to see far distanes.
The partiles in hamber of the proposed optial shut-
ter ranges in diameter anywhere from a few nanome-
ters to several mirons, assuming a spherial morphol-
ogy. This range for the partile size, although small
marosopially, is muh too large to be onsidered for a
treatment within quantum domain, where the quantum
theory must be used for a desription. Therefore, the
lassial theory sues for the desription here. Sine
the harged partiles in the system, as a whole, behave
like a lassial gas, the desription is arried out in the
realm of statistial physis.
To keep the topi presented here self-ontained, I shall
briey summarize the kind of manipulations and approx-
imations assumed in obtaining expressions whih are on-
sidered ruial to the initial development of the analysis.
1. Maxwell-Boltzmann statistis
The harged partiles in hamber an be treated
as lassial partiles obeying the Maxwell-Boltzmann
statistis.(29) The ith harged partile under inuene
of external fores, for example, gravitational and eletri
fores, assumes the energy
Ui =
p2i
2mi
+ U
ext
+ U
int
, pi =
∑
j
pijej ,
where pi is the enter of mass momentum for the ith
harged partile and the term assoiated with it is the
kineti energy, U
ext
is the interation energy with exter-
nal inuenes, and U
int
is the energy ontribution arising
only if the partile is not monatomi.
In expliit form, U
ext
an be expressed as
U
ext
=
N∑
j 6=i
k
q
QiQj[
(xi − xj)2 + (yi − yj)2 + (zi − zj)2
]1/2 +migzi
+QiEzi,
where N is the number of partiles in volume, the Qi and
Qj denote respetively the net harges for the ith and jth
partiles, E is the eletri eld magnitude, and the on-
stants g = 9.8ms−2 and k
q
= 8.99 × 109 Nm2C−2 in
MKS system of units. For a monatomi partile, the en-
ergy ontributions from the internal rotation and vibra-
tion with respet to its enter of mass vanishes, U
int
= 0.
8Therefore, the ith monatomi harged partile under the
inuene of external fores assumes the energy
Ui =
p2i
2mi
+migzi +QEzi
+
N∑
j 6=i
k
q
Q2[
(xi − xj)2 + (yi − yj)2 + (zi − zj)2
]1/2 ,
(17)
where, for onveniene, all partiles in the system are
assumed to be identially harged with same polarity,
i.e., Qi = Qj = Q.
The gravity and eletri eld have diretions, and this
information must be taken into aount in Eq. (17). To
do this, the parameter zi is rst restrited to a domain
{D : 0 ≤ zi <∞} .
With zi restrited to a domain dened by D, the grav-
itational potential energy of a partile, migzi, inreases
with positive g and dereases with negative g as zi in-
rease. Therefore, the diretion of gravity in Eq. (17)
an be taken into aount by
g =
{
+9.8ms−2 if gravity points in − e3,
−9.8ms−2 if gravity points in + e3. (18)
The eletri potential energy of a partile, QEzi, in-
reases with positive E and dereases with negative E
as zi inrease. For a positively harged partile, its ele-
tri potential energy inreases as it moves against the
diretion of eletri eld and dereases as it moves in the
diretion of eletri eld. The diretion of eletri eld
inside the hamber an hene be taken into aount in
Eq. (17) by
E =
{
+E if E points in − e3,
−E if E points in+ e3. (19)
The probability of nding the partile with its enter
of mass position in the ranges (Ri; dRi) and (pi; dpi) an
be expressed as
Ps (Ri,pi) d
3Rid
3pi ∝ exp
(
− Ui
k
B
T
)
d3Rid
3pi, (20)
where T is the temperature in units of degree Kelvin
(oK) and k
B
is the Boltzmann onstant, k
B
= 1.38 ×
10−23J/ (oK) . With Eq. (17), Ps (Ri,pi) d
3Rid
3pi be-
omes
Ps (Ri,pi) d
3Rid
3pi
∝ exp
(
− p
2
i
2mikBT
)
d3pi
× exp

 N∑
j 6=i
−k
q
k−1
B
T−1Q2[
(xi − xj)2 + (yi − yj)2 + (zi − zj)2
]1/2


× exp
[
−
(
mig +QE
k
B
T
)
zi
]
d3Ri. (21)
ξ
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Figure 11 Partiles are ompressed in −e3 diretion. The ith
partile is the top most partile and all other partiles are
ahead of it in the diretion of ompression.
2. Approximation
The presene of repulsive Coulomb interation,
N∑
j 6=i
−k
q
k−1
B
T−1Q2[
(xi − xj)2 + (yi − yj)2 + (zi − zj)2
]1/2 ,
makes Eq. (21) diult and this term must be approxi-
mated. The onguration depited in Fig. 11 is referred
for the analysis.
As the ith partile gets ompressed in the diretion of
eletri eld, it experienes net eletri eld given by
E
net
= E
el
+E
rep
,
where E
el
is the eletri eld inside the hamber gener-
ated by external eletrodes and E
rep
is the eletri eld
produed by all other partiles inside the hamber. Be-
ause E
el
and E
rep
are oppositely direted, the magni-
tude E
net
≡ ‖E
net
‖ is given by
E
net
= E
el
− E
rep
. (22)
To estimate E
rep
, Fig. 11 is onsidered. The vetors A,
B, and C satisfy
B = C−A. (23)
In ylindrial oordinates, (ρ, φ, z) , A and C beome
A = ρ2 cos (φ2) e1 + ρ2 sin (φ2) e2 + z2e3,
C = (η + ε) e3,
where (ρ2, φ2, z2) represents the ylindrial oordinates
for partile labeled as 2 in Fig. 11. With A and C thus
dened, Eq. (23) beomes
B = −ρ2 cos (φ2) e1 − ρ2 sin (φ2) e2 + (η + ε− z2) e3.
9At C, the eletri eld ontributed from partile labeled
as 2 is given by
E2 = kqQ
B
‖B‖3
=
k
q
Q [−ρ2 cosφ2e1 − ρ2 sinφ2e2 + (η + ε− z2) e3][
ρ2
2
+ (η + ε− z2)2
]3/2 .
Beause both gravitational and eletrial fores are as-
sumed to depend on z oordinate only, the e1 and e2
omponents of E2 average to zero to beome
E2 =
k
q
Q (η + ε− z2)[
ρ2
2
+ (η + ε− z2)2
]3/2 e3.
All partiles in the ylinder, not just the partile labeled
as 2 in Fig. 11, ontributes to form E
rep
. Hene,
E
rep
= k
q
N−1∑
j=1
Q (η + ε− zj)[
ρ2j + (η + ε− zj)2
]3/2 e3, (24)
where N is the number of harged partiles in the ham-
ber. For N suiently large, the oordinates ρj and zj
an be replaed by ρj → ρ and zj → z. In the ontinuum
limit, the summation symbol gets replaed by
N−1∑
j=1
→
 η
z=0
 ξ
ρ=0
 2pi
φ=0
ρdφdρdz
and the harge Q is replaed by
Q→ Qtot
Volume
=
1
2piξη
N−1∑
j=1
Q =
(N − 1)Q
2piξη
,
where volume is that of ylinder illustrated in Fig. 11
and Q
tot
is the total harge inside it. In the ontinuum
limit then, where N is assumed to be suiently large,
Eq. (24) an be approximated by
E
rep
=
k
q
(N − 1)Q
2piξη
×
 η
z=0
 ξ
ρ=0
 2pi
φ=0
(η + ε− z)ρdφdρdz[
ρ2 + (η + ε− z)2
]3/2 e3,
whih result, integrating over the φ, beomes
E
rep
=
k
q
(N − 1)Q
ξη
 η
z=0
 ξ
ρ=0
(η + ε− z)ρdρdz[
ρ2 + (η + ε− z)2
]3/2 e3.
(25)
With the hange of variable,
x = ρ2 + (η + ε− z)2 , dx = 2ρdρ,
the ρ integral in Eq. (25) beomes

(η + ε− z) ρdρ[
ρ2 + (η + ε− z)2
]3/2 → (η + ε− z)2

dx
x
√
x
= − (η + ε− z)√
x
.
With x reverted bak to the original variable, the ρ inte-
gral beomes
 ξ
ρ=0
(η + ε− z) ρdρ[
ρ2 + (η + ε− z)2
]3/2 = − (η + ε− z)√
ρ2 + (η + ε− z)2
∣∣∣∣∣∣
ξ
0
= 1− (η + ε− z)√
ξ2 + (η + ε− z)2
.
Insertion of the result into Eq. (25) yields
E
tot
≈ kq (N − 1)Q
ξ
e3 − kq (N − 1)Q
ξη
×
 η
z=0
η + ε− z√
ξ2 + (η + ε− z)2
dze3. (26)
With the hange of variable,
y = ξ2 + (η + ε− z)2 , dy = −2 (η + ε− z)dz,
the z integral in Eq. (26) beomes

η + ε− z√
ξ2 + (η + ε− z)2
dz → −1
2

dy√
y
= −√y.
With y reverted bak to the original variable, the z inte-
gral beomes
 η
z=0
η + ε− z√
ξ2 + (η + ε− z)2
dz = −
√
ξ2 + (η + ε− z)2
∣∣∣∣∣
η
0
=
√
ξ2 + (η + ε)2 −
√
ξ2 + ε2.
Insertion of the result into Eq. (26) gives the E
rep
,
E
rep
≈ kq (N − 1)Q
ξη
[
η −
√
ξ2 + (η + ε)
2
+
√
ξ2 + ε2
]
e3.
Sine the z oordinate of the ith partile is given by
zi = η + ε, η = zi − ε,
the expression for E
rep
may be rewritten in terms of zi
as
E
rep
≈ k
q
(N − 1)Q
[
1
ξ
−
√
1 + z2i /ξ
2
zi − ε +
√
1 + ε2/ξ2
zi − ε
]
e3.
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The parameter ε has been introdued for a mathemati-
al onveniene to assure that the ith partile is the up-
per most partile residing at the top surfae of the om-
pressed volume. Taking the limit ε → 0, the previous
expression for E
rep
beomes
E
rep
≈ k
q
(N − 1)Q
(
1
zi
+
1
ξ
−
√
1
z2i
+
1
ξ2
)
e3. (27)
Sine zi is the z oordinate for the ith partile, whih is
the partile residing at the top surfae of the ompressed
volume in Fig. 11, the E
rep
dened in Eq. (27) represents
the Coulomb repulsion ating on the partile residing at
the top surfae of the ompressed volume from all other
ones within the ompressed volume. Insertion of Eq. (27)
into Eq. (22) gives
E
net
≈ E
el
− k
q
(N − 1)Q
(
1
zi
+
1
ξ
−
√
1
z2i
+
1
ξ2
)
.
The E
net
in urrent form is only an approximation be-
ause the expression for E
rep
, Eq. (27), is an approxima-
tion. The equality an be made by replaing Q → Q
e
,
where Q
e
is the eetive harge to be determined exper-
imentally. With Q
e
, the expression for E
net
beomes
E
net
= E − k
q
(N − 1)Q
e
(
1
zi
+
1
ξ
−
√
1
z2i
+
1
ξ2
)
,
(28)
where the subsript el of E
el
has been dropped for on-
veniene.
What is the impliation of E
net
? The Ui of Eq. (17),
whih is the energy term assumed by the ith harged
partile under the inuene of external fores, an be
rearranged in form as
Ui =
p2i
2mi
+migzi +Q

ziE
+
N∑
j 6=i
k
q
Q[
(xi − xj)2 + (yi − yj)2 + (zi − zj)2
]1/2

 .
One noties that the term in the summation is the eletri
eld ontribution from the jth partile ating on the ith
partile,
‖E
rep,j‖ = kqQ[
(xi − xj)2 + (yi − yj)2 + (zi − zj)2
]1/2 .
Furthermore, one nds
E
rep
≡ ‖E
rep
‖ =
N∑
j 6=i
‖E
rep,j‖ , E = ‖Eel‖ ,
and Ui an be equivalently expressed as
Ui =
p2i
2mi
+migzi +Q (ziE + Erep) .
Sine E
rep
= E
el
− E
net
, Eq. (22), the Ui beomes
Ui =
p2i
2mi
+migzi +Q (zi + 1)E −QEnet. (29)
Insertion of Eq. (29) into Eq. (20) gives an alternate
expression for probability density for nding partile with
its enter of mass position in the ranges (Ri; dRi) and
(pi; dpi) ,
Ps (Ri,pi) d
3Rid
3pi ∝ exp
[
−
(
mig +QE
k
B
T
)
zi
+
Q (E
net
− E)
k
B
T
]
d3Ri
× exp
(
− p
2
i
2mikBT
)
d3pi, (30)
whih is dierent from the previous expression, Eq. (21),
but now manageable. With Eq. (28) inserted for E
net
,
Eq. (30) beomes
Ps (Ri,pi) d
3Rid
3pi
∝ exp

kq (1−N)QQe
k
B
T
(
1
zi
+
1
ξ
−
√
1
z2i
+
1
ξ2
)
−
(
mig +QE
k
B
T
)
zi

 exp(− p2i
2mikBT
)
d3Rid
3pi, (31)
Equation (31) may be integrated over all possible x and y
values lying within in the ontainer and eah omponents
of the momentum may be integrated from −∞ to ∞,
Ps (zi) dzi ∝

pix

piy

piz
exp
(
−p
2
ix + p
2
iy + p
2
iz
2mikBT
)
× dpixdpiydpiz exp

kq (1−N)QQe
k
B
T
×
(
1
zi
+
1
ξ
−
√
1
z2i
+
1
ξ2
)
−
(
mig +QE
k
B
T
)
zi

 dzi

x

y
dxidyi. (32)
The double integral over x and y gives slie area of the
hamber at z = z′, 0 < z′ < L
z
,

x

y
dxidyi = piξ
2, (33)
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Figure 12 Transformation to the two body problem by intro-
dution of eetive harge for the partiles inside the imagi-
nary ylinder.
where ξ is the radius of ylindrial hamber depited in
Fig. 11. The momentum integrals are obtained utilizing
the well known integral formula(29)
I (n) ≡
 ∞
0
xn exp
(−αx2) dx, n ≥ 0,
where solutions are given by
I (0) =
1
2
√
pi
α
, I (1) =
1
2α
, I (2) =
1
4α
√
pi
α
, et.
The momentum integrals beome

pix

piy

piz
exp
(
−p
2
ix + p
2
iy + p
2
iz
2mikBT
)
dpixdpiydpiz
=
1
8
(2pimikBT )
3
2 . (34)
With Eqs. (33) and (34), Eq. (32) beomes
Ps (zi) dzi ∝1
8
piξ2 (2pimikBT )
3
2 exp

kq (1−N)QQe
k
B
T
×
(
1
zi
+
1
ξ
−
√
1
z2i
+
1
ξ2
)
−
(
mig +QE
k
B
T
)
zi

 dzi.
With the following denitions,
α =
k
q
(1−N)QQ
e
k
B
T
, β =
mig +QE
k
B
T
, (35)
the previous expression for Ps (zi) dzi simplies to
Ps (zi) dzi =
1
8
Cpiξ2 (2pimikBT )
3
2
× exp
[
α
(
1
zi
+
1
ξ
−
√
1
z2i
+
1
ξ2
)
− βzi
]
dzi,
(36)
where C is the onstant of proportionality to
be determined from the normalization ondition,
 L
z
0
Ps (zi) dzi = 1. It an be shown
C =
8
piξ2
(2pimikBT )
− 3
2
{
 L
z
0
exp
[
α
(
1
xi
+
1
ξ
−
√
1
x2i
+
1
ξ2
)
− βxi
]
dxi
}−1
, (37)
where xi is a dummy integration variable and it should
not be onfused with the oordinate x of the ylinder.
What an be said about Q
e
dened in α? The ee-
tive Coulomb repulsion from the remainingN−1 harged
partiles inside the hamber ating on the ith harged
partile, see Fig. 11, is proportional to
F
N-1
∝ (N − 1)Q
e
,
whereQ
e
must be determined empirially from measure-
ments. In priniple, Q
e
takes into aount the spatial
onguration of the N − 1 harged partiles in the sys-
tem beause it eetively desribes the system, whih is
illustrated in Fig. 11, in terms of the two body problem
(see Fig. 12). Beause the total harge in the imaginary
ylinder must be onserved, it must be true that
0 < (N − 1)Q
e
≤ (N − 1)Q.
And, this implies the ondition
0 < Q
e
≤ Q. (38)
For desribing the trend of volume ompression involv-
ing harged partiles, Eq. (38) provides the way to esti-
mate Q
e
. One Q
e
is dened, Eq. (36) may be plotted
for the most probable height of the ompressed volume,
whih volume ontains the N harged partiles in the
system. That being said, ombining Eqs. (36) and (37),
the probability density for the most probable height of
the ompressed volume ontaining N harged partiles
beomes
Ps (zi) dzi =
{
 L
z
0
exp
[
α
(
1
xi
+
1
ξ
−
√
1
x2i
+
1
ξ2
)
−βxi
]
dxi
}−1
exp
[
α
(
1
zi
+
1
ξ
−
√
1
z2i
+
1
ξ2
)
−βzi
]
dzi, (39)
where α and β are dened in Eq. (35).
3. Result
Before plotting Ps (zi) , I shall expliitly dene the
harge Q, partile mass m, and the eletri eld mag-
nitude E.
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Figure 13 (Color online) Conguration used to plot Ps (zi)
dened in Eq. (39).
In nature, the harge is quantized and, therefore, it is
onvenient to express Q in terms of the harge number
n
e
,
Qi = neq, q = 1.602× 10−19 C, (40)
where q is the fundamental harge unit and n
e
=
0, 1, 2, 3, · · · , is the number of eletrons removed from
the partile.
For the sake of simple analysis, the partiles in the
system are assumed to be spheres of idential radius. The
mass of eah partile would then be given by
m =
4
3
pir3ρ
m
, (41)
where r is the radius of sphere and ρ
m
is the mass density.
Finally, the eletri eld generated in the hamber by
ontrol eletrodes is
E ≈ V0
L
e
, (42)
where V0 is the voltage applied to the top eletrode (the
other eletrode has been grounded). The approximation
≈ in eletri eld omes about beause the eets of pas-
sivation layers inside the hamber have been negleted
for simpliity.
Having dened Q, m, and E, the onguration illus-
trated in Fig. 13 is referred to plot Ps (zi) , Eq. (39). The
parameters for the onguration are given the following
values:


L
e
= 100µm, L
z
= 90µm, ξ = 50µm,
ρ
m
= 2.7 g m−3, r = 50 nm,
T = 42 oC, N = 1000, n
e
= 15.
For the purpose of plotting Ps (zi) dened in Eq. (39), I
shall assume, see Eq. (38),
Q
e
= 0.97Q,
where Q is dened in Eq. (40). The voltages of V0 = 0V,
0.1V, 0.2V, 0.3V, and 0.5V are onsidered for the top
eletrode (the bottom eletrode is grounded). With V0
thus dened, the eletri eld generated inside hamber
is given by Eq. (42). The gravity of g = 9.8m/s2 ≥ 0
was assumed inside the hamber. The diretions for the
eletri eld E and the gravitational fore F
g
are deter-
mined from Eqs. (18) and (19). Sine both E and g are
positive, aording to the onvention dened in Eqs. (18)
and (19), the eletri eld E and the gravitational fore
F
g
are both direted in −e3, whih is the negative z axis.
The Ps (zi) of Eq. (39) is omputed numerially utiliz-
ing Simpson method for the integral.(30) The Simpson
method routine was oded in FORTRAN 90. That be-
ing said, the results are summarized in Figs. 14 and 15,
where the three smaller peaks of Fig. 14 are magnied
and replotted in Fig. 15.
At V0 = 0V, that is, when there is no eletri eld
inside the hamber other than the stati elds from par-
tiles, the partiles are distributed to oupy the en-
tire volume of the hamber. This is indiated by the
peak ourring at the physial height of the hamber,
h

= z = L
z
= 90µm.
At V0 = 0.2V, an eletri eld of roughly E ≈
2000Vm−1 is generated inside the hamber. Beause
partiles are positively harged, they are ompressed in
the diretion of eletri eld, i.e., the −z diretion. This
fore, whih indued partile volume ompression, even-
tually gets ounter balaned by the Coulomb repulsion
and the ompression eases. For the ase where ontrol
eletrode is held at V0 = 0.2V, the ompression eases
at roughly h

= z ≈ 63µm (see Fig. 15) and this marks
the most probable height of the ompressed volume for
the ase. Finally, with V0 = 0.5V applied to the ontrol
eletrode, the ompressed volume state is reahed where
all partiles are luttered near the oor of the hamber,
thereby resulting in very high partile density, as illus-
trated in Fig. 14.
If harged partiles are to be useful for any display
appliations, the harged partile system must be insen-
sitive to gravitational eets, if not negligible. The eet
of gravity on the most probable height for the ompressed
volume has been investigated by reversing the diretion
of gravity (but, keeping all other onditions unhanged)
in Fig. 15. The ase where V0 = 0.2V was seleted for
omparison. The result is shown in Fig. 16, where it
shows that the most probable height for the ompressed
volume is only negligibly aeted by the gravity.
The inuene of ylinder radius ξ on the most proba-
ble height for the ompressed volume has also been in-
vestigated. Again, the ase of V0 = 0.2V was seleted
from Fig. 15 for omparison by onsidering ξ = 50, 60,
and 70µm. All other onditions were kept unmodied.
The result, Fig. 17, reveals a derease in height for the
most probable ompressed volume with inreasing ξ as
expeted.
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Figure 14 (Color online) Most probable height of the om-
pressed volume ontaining harged partiles.
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Figure 16 (Color online) Gravity has negligible ee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D. Transmission intensity
The intensity of light transmitted through a medium
lled with harged partiles goes like, Eq. (2),
I = I0 exp
(
− C
h

)
, C =
36npikhNv
p
λ (n2 + 2)2A
, (43)
where both C and h

have unit of meter, and h

is the
height of the ompressed volume ontaining harged par-
tiles. Referring to Fig. 15, the ompressed height h

orresponds to the z axis where the probability urve
is maximum. In priniple, the ompression height h

an be varied ontinuously by ontrolling the voltages
applied to the ontrol eletrode. This implies the in-
tensity of light output from the proposed optial shutter
an be varied ontinuously, thereby generating ontinu-
ous graysale levels for the devie. In reality, the number
of graysale levels that an be ahieved in the presented
optial shutter is given by Eq. (12),
N
gray
=
h− δ
△h

,
where the neness of△h

is limited by the system design.
This work is not the rst kind to address potential
appliations with harged partiles. Szirmai(31) experi-
mented with alumina powders to study eletrosuspension
as early as 1990's. In Szirmai's(31) experiment, alumina
powder of 3µm in diameter was plaed inside an ele-
trially insulating ylindrial vessel, whih is similar in
onguration with Fig. 13. The initial harging of alu-
mina powder was done by a proess of eld emission,
whih an be ahieved by applying high voltage to the
ontrol eletrodes(eld emission is the phenomenon in
whih eletrons get emitted from the surfae of host ma-
terial, suh as nanopartiles, due to the presene of high
eletri elds). Szirmai,(31) however, does not quanti-
tatively address the ompression states of volume on-
taining harged partiles in terms of the design param-
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eters, as his motive was not in disussing possible ap-
pliations of harged partiles for displays. In his ex-
periment, the ontrol eletrodes, in priniple, ould be
supplied with whatever high voltages required by it to
do the job; therefore, the quantitative understanding of
how design parameters, suh as L
e
, L
z
, ξ, ρ
m
, r, T, N,
n
e
, V0, and Qe ∝ Q, enter into the piture of partile
volume ompression never was an issue.
The ompetition has always been ere and it will al-
ways remain so among dierent display manufaturers.
In the near future, when paperlike displays beome dom-
inant, the most important deiding fator to who stays
in and goes out of business would be determined by the
power eieny of their produts. That being said, a low
operation voltage for the ontrol eletrodes is ruial for
all E-paper tehnologies and the proposed devie based
on harged partiles is no exeption. The light intensity
out of eah sub-pixel based on proposed harged partile
display tehnology varies as illustrated in Eq. (43), where
h

is the most probable ompression height orrespond-
ing to the voltage dierene of V0 applied to the ontrol
eletrodes, see Fig. 14. With the V0 restrited to ertain
range, say 0V ≤ V0 ≤ 1V, one annot arbitrarily hoose
the other parameters whih onstitute the design param-
eters, i.e., L
e
, L
z
, ξ, ρ
m
, r, T, N, n
e
, and Q. For example,
if too many eletrons are removed from eah of the alu-
minum partiles, i.e., n
e
, the voltage of V0 = 1V applied
to one of the ontrol eletrodes (the other grounded) may
not be suient enough to overome the Coulomb re-
pulsion between partiles and ompress the partile vol-
ume to a level where dark state is reahed, assuming
V0 = 0V denes the brightest state. On the other end,
if too many harged partiles are present in a hamber,
i.e., the partile number N, the brightest state ahieved
by setting V0 = 0V for the ontrol eletrode may be too
dark. The quantitative desription of the height h

of the
ompressed partile volume in terms of the so alled de-
sign parameters thru the expression Ps (zi) , Eq. (39),
ables the design of partile based display with potential
to generate ontinuous graysale.
E. Bistability
The presented optial shutter based on harged parti-
les portrays bistability at all states, inluding the gray
states. This is possible beause the two optially trans-
parent eletrodes at as a apaitor, whih has the prop-
erty of sustaining eletri elds even when the devie is
removed of the power supply. To illustrated how the
bistability is ahieved for all states, inluding the gray
states, the illustration shown in Fig. 18 is onsidered. I
shall begin with an isolated apaitor, in whih the two
eletrodes of the apaitor are eletrially neutral, result-
ing in zero eletri eld inside the region between the two
eletrodes. With the swith losed, the top eletrode is
quikly aumulated with a net positive harge, +Q, and
the bottom eletrode gets aumulated with a net neg-
ative harge, −Q. The potential dierene between the
two eletrodes results in the reation of eletri eld in-
side the apaitor, as illustrated in stage 2 of Fig. 18. As-
suming the harged partiles reside in the region between
the two eletrodes, the eletri eld generated inside the
apaitor is responsible for the ompression of volume
ontaining harged partiles. Now, when the swith is
opened, the net harge of +Q remains in the top ele-
trode and the net harge of −Q remains in the bottom
eletrode, provided the apaitor is ideal, i.e., free from
the leakage of eletrial urrent. Therefore, for an ideal
apaitor, the eletri eld is maintained forever inside
the region between the two eletrodes, thereby sustain-
ing the gray states even when the devie is removed of
the power supply.
E
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Figure 18 (Color online) The bistability is maintained by the
eletri eld stored in the apaitor.
In the real system, the role of swith is played by a
semiondutor transistor, whih is very far from being an
ideal swith and it has nite leakage of urrent. This de-
ieny in semiondutor transistor makes the proposed
devie only semi-bistable, meaning the devie must be
refreshed regularly. This, however, is about to hange
with the urrent developments in miro eletromehani-
al systems (MEMS) based swithes, whih literally has
zero leakage urrent for the open state.(32) Initially, the
MEMS based swith has been developed in an attempt
to replae the dynami random aess memory (DRAM)
arhiteture for the memory setor of business. How-
ever, as it laks in swithing speed, it will be a while be-
fore MEMS based swithes an permanently replae the
DRAMs. As for its use as a swith in display tehnology,
the MEMS based swithes already show plenty of speed.
Combined with MEMS based swithes, whih has zero
leakage urrent for the open swith mode, the proposed
optial shutter based on harged partiles opens up the
possibility of realizing the bistability mode for all states,
inluding the graysale states.
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III. CONCLUDING REMARKS
The pioneering work by Szirmai,(31) Hattori et al.,(11;
12; 13) and others have exposed the potential applia-
tions with harged partiles. Utilizing harged partiles
in display tehnologies, however, requires a quantitative
understanding of how design parameters, suh as L
e
, L
z
,
ξ, ρ
m
, r, T, N, n
e
, V0, and Qe ∝ Q, enter into partile
volume ompression. In this work, an expression for the
ompressed state, whih inorporates the design parame-
ters, has been presented. The result should nd its role in
the development of displays based on harged partiles.
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